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Steroid Hormone Receptor Statins Defines 
the MMTV Promoter Chromatin Structure 



Trevor K. Archer,* Christy J. Fryer, Huay-Leng Lee, Eva Zaniewski, 

Tao Liang and Joe S. Mymryk 

Departments of Obstetrics and Gynaecology and Biochemistry, The University of Western Ontario, 790 Commissioners 

Rd. E., London, Ontario, Canada N6A 4L6 

The ability to respond to small signalling molecules such as steroid hormones is important for many 
physiological processes. Steroid hormones act through a group of high affinity receptors that 
regulate transcription by binding to hormone response elements (HREs) located within the 
promoters of target genes, which themselves are organized with nuclear proteins to form chromatin. 
To dissect the mechanisms(s) of steroid hormone action we have used the steroid inducible mouse 
mammary tumor virus (MMTV) promoter as a model system. The MMTV promoter is assembled 
into a phased array of nucleosomes that are specifically positioned in rodent cells. Induction of 
transcription by glucocorticoids is accompanied by the appearance of a hypersensitive region in the 
proximal promoter which allows the hormone dependent assembly of a preinitiation complex 
including transcription factors such as nuclear factor 1 (NF1) and the octamer transcription factor 
(OTF). Surprisingly, when introduced by transient transfection, the progesterone receptor (PR) is 
unable to activate this promoter in vivo, a finding that may result from its inability to alter MMTV 
promoter chromatin. In an attempt to investigate the failure of the PR to activate the promoter, we 
have stably introduced the MMTV promoter into human T47D breast cancer cells that express high 
levels of the PR. In contrast to what has been observed previously in rodent cells, the MMTV 
templates resident in human breast cancer cells adopt a novel and constitutively open chromatin 
structure. The constitutively open chromatin structure is accompanied by the hormone independent 
; loading of transcription factors including the PR and NF1. In T47D cells that stably express the 
; glucocorticoid receptor, the MMTV promoter responds to glucocorticoids, but not progestins, and 
| displays glucocorticoid induced restriction enzyme hypersensitivity and transcription factor load- 
| ing. These findings suggest that the organization of the MMTV chromatin structure is dependent 
I upon the cell type and receptor status of the recipient cell into which the MMTV promoter is stably 
{ introduced. 

J. Steroid Biochem. Molec. Biol, Vol. 53, No. 1-6, pp. 421^*29, 1995 
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Characterization of chromatin structure in cell lines 
derived from tissues of humans and other mammals has 
also significantly advanced our understanding of how 
chromatin can regulate the access of transcription 
factors to their cognate binding sites and thereby 
influence both basal and activated transcription 
[13-15], Studies utilizing the mouse mammary tumour 
virus long terminal repeat (MMTV LTR) have been 
invaluable for studying the mechanisms by which the 
chromatin environment influences transcription factor 
access in general and specifically the regulation of 
transcription by steroid hormones [16-22]. 

Beginning with a series of studies in which the 
MMTV LTR was stably introduced into rodent cells, 
it was demonstrated, by a variety of techniques, that the 
LTR acquired a phased array of 6 nucleosomes (Fig. 1) 
[23]. This was the case whether the LTR was intro- 
duced as a viral integrant, in a multicopy bovine 
papilloma virus (BPV) episomal vector or stably inte- 
grated into the chromosome via transfection. The 
proximal portion of the LTR corresponding to the 
second or "B" nucleosome of the phased array exhibits 
significant hypersensitivity to restriction enzymes and 
agents such as DNase 1 when cells are treated with 
glucocorticoids (Fig. 1) [23, 24]. This modification or 
displacement of nucleosome B (Nuc-B), which encom- 
passes the hormonal response elements (HREs; Fig. 1), 
is a signature of the hormone response from this 
promoter (Fig. 2) [25]. This hypersensitivity is a pre- 
lude to the formation of an active, pre-initiation com- 
plex that includes transcription factors nuclear factor- 1 
(NFl), octamer transcription factor (OTF), the TATA 
binding protein (TBP) and a recently described factor 
F DT (factor downstream of TBP, see below) [16, 18, 19] 
(Fig. 2). These experiments led to the proposal that the 
organization into chromatin contributes mechanisti- 
cally to glucocorticoid regulation of transcription from 
the MMTV LTR [18]. 

The impact of chromatin structure on transcriptional 
regulation by steroid hormones in vivo was examined 
using transiently transfected MMTV templates in cell 
lines that stably maintain copies of the MMTV pro- 
moter [26-28]. Analysis of transiently introduced 
copies of the MMTV promoter did not detect an 
ordered array of nucleosomes [18,26]. Indeed, the 
transiently introduced template was constitutively hy- 
persensitive and NFl was bound in the presence or 
absence of hormone [18]. The mechanism by which the 
NFl bound promoter remained transcriptionally inac- 
tive was resolved by additional experiments showing 
that TBP was only detected in the presence of hormone 
[18, 26]. 

Previous in vitro experiments [17] have allowed us to 
sub-divide transacting factors into those to which the 
DNA is "transparent" when in a nucleosome [29], i.e. 
the glucocorticoid receptor (GR), and those where the 
sites are "opaque" and thereby prevented from binding 
(i.e. NFl, OTF, TBP and F DT ). Our in vivo footprint- 
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Fig. 1. Schematic representation of the nucleosomal organiz- 
ation of the MMTV LTR. The MMTV LTR is reproducibly 
assembled into a phased array of six nucleosomes (A-F) when 
stably introduced into cells [23]. The region occupied by 
nucleosome B (-221 to —75) coincides with the hormone 
inducible hypersensitive region (HSR) [23, 24]. The proximal 
promoter region contains binding sites for the steroid recep- 
tors (HRE), nuclear factor 1 (NFl), the octamer transcription 
factors (OTFs), the TATA binding protein (TBP) and a factor 
binding downstream of the TBP (F DT ). 

ing experiments, comparing transiently transfected and 
stable chromatin templates [18, 19, 30] 3 allow us to 
further sub-divide the second category into two groups. 
The first group of proteins (i.e. NFl and OTF) are able 
to interact with their sites provided they are not 
assembled as chromatin in vivo [27,30]. The second 
group of factors (i.e. TBP and F DX ) require the action 
of ancillary factors and/or the GR to occupy their sites 
on both chromatin and non-chromatin templates [19]. 

These experiments also provided the first evidence 
for hormone independent binding of the OTFs (both 
distal and proximal) and hormone dependent binding 
of F DT to the MMTV LTR in vivo. This latter factor, 
which binds between the TATA box and the transcrip- 




Fig. 2. Model of hormone induced transcription from the 
MMTV LTR. The nucleosomal architecture of the MMT\ 
LTR excludes binding of the transcription factors NFl, OTFs. 
TBP, and F DT prior to glucocorticoid treatment. Hormone 
activation of the GR results in an altered organization of 
nucleosome B (indicated by the dotted line) that permits 
loading of NFl and the assembly of the transcription 
initiation complex [16, 18]. 
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tion initiation start site (- 10 to —24), is also found in 
a variety of cell types in addition to the mouse mam- 
mary cells where it was first identified (T. Liang and 
T. K. Archer, unpublished data). Physical characteriz- 
ation of the F DT protein, by Southwestern and UV 
cross-linking assays with the F DT binding site, are 
currently underway. 

CHROMATIN STRUCTURE INFLUENCES 
TRANSCRIPTION PREINITIATION COMPLEX 
DISASSEMBLY AS WELL AS ASSEMBLY 

The induction of transcription by glucocorticoids is 
rapid, but transient, such that mRNA initiation peaks 
by 1 h and declines to basal levels by 24 h [31]. In vivo 
restriction enzyme hypersensitivity assays demon- 
strated that similar kinetics were evident for the 
hormone induced changes in chromatin structure. Re- 
striction enzymes exhibited enhanced cleavage, of sites 
within the Nuc-B region of the MMTV LTR, at 1 h, 
but not after 24 h of glucocorticoid treatment. An 
examination of the kinetics of transcription factor load- 
ing onto the MMTV LTR revealed NF1, OTF and 
> TBP binding after 1 h, but not 24 h of hormone 
treatment. Thus the significant reduction in transcrip- 
tion from the MMTV LTR observed after 24 h of* 
hormone treatment correlates with a loss of chromatin 
hypersensitivity and the failure to detect the transcrip- 
tion initiation complex [19]. 
, This rapid de-induction occurs in the presence of 
active hormone and suggests that some feature(s) of 
; chromatin remodelling require(s) an activity or protein 
1 that becomes unavailable for the reactivation of this 
{ promoter [19]. Previous experiments have addressed 
\ the initial events of transcription, with emphasis on the 
\ hypersensitivity of the promoter to cleavage by restric- 
j tion enzymes [17] and the formation of the p reinitiation 
| complex [16]. We have now conducted a series of 
| experiments designed to determine the role of chro- 
■;; matin structure in the termination of transcription [19]. 
) These experiments were designed to determine if this 
phenomena could be due either to a chromatin tran- 
sition (template related), or involve receptor cycling or 
\ modification (receptor related) [27]. 

To examine a template related model we used a 
; polymerase chain reaction coupled exonuclease III 
: (PCR/Exo III) in vivo footprinting strategy that dis- 
i tinguishes transient from stable templates within the 
same cells [18, 26], For chromatin templates, glucocor- 
ticoid stimulation lead to the assembly of the pre- 
initiation complex containing NF1, OTF, TBP and 
i *Vr at 1 h, but not at 24 h [19]. The results with the 
; transient template were dramatically different as NF1 
,and OTF were bound under all conditions. However, 
TBP and F DT were only observed in the presence of 
dexamethasone both at 1 and 24 h. The hormone 
dependent loading of TBP and F DT on the transient 
template, at times when the stable template is refrac- 



tory, is consistent with the presence of active receptor 
in the nucleus. Furthermore, when reporter plasmids 
are transiently introduced into cells previously treated 
with dexamethasone for 24 h and exhibiting no tran- 
scription from the endogenous template, they are active 
[19]. These experiments demonstrate that the activities 
of NF1, OTF, TBP, GR and F DT were neither down- 
regulated nor diminished by prolonged exposure to 
hormone, thus supporting a template model for the 
observed MMTV kinetics. They also link changes in 
chromatin organization of the promoter to the cessation 
of transcription in a manner similar to that shown 
previously for the initiation of transcription. 

PROGESTERONE REGULATION OF MMTV 
TRANSCRIPTION IN HUMAN BREAST 
CANCER CELLS 

While the above studies have focused on glucocorti- 
coid induction of transcription, the MMTV LTR also 
responds to progestins, androgens and mineralocorti- 
coids [20, 32-34]. As the receptors for these hormones 
recognize identical HREs in vitro, it is not immediately 
obvious how a selective hormone response is achieved 
in vivo [35]. Evidence for a diverse group of mechan- 
isms have been put forward recently. Selectivity can be 
achieved enzymatically, as exemplified by the tissue- 
specific expression of 1 ^-dehydrogenase, which per- 
mits selective response to mineralocorticoids in an 
environment where levels of glucocorticoids would 
saturate the mineralocorticoid receptor [36]. For the 
proliferin promoter, which contains a composite regu- 
latory element, the differential interaction of non- 
receptor factors with specific hormone receptor 
domains determines the specificity of response between 
the highly related GR and mineralocorticoid receptors 
[37, 38]. Similarly, androgen specific responses may be 
mediated by cooperative interactions between factors 
binding to auxiliary DNA elements and the androgen 
receptor [39,40]. Finally, the receptor complement 
itself clearly influences selectivity, as the introduction 
of the progesterone receptor (PR) into hepatoma cells 
confers progesterone responsiveness to the endogenous 
glucocorticoid-regulated tyrosine amino transferase 
(TAT) gene [15]. 

We have recently suggested that the organization of 
genes into specific chromatin structures may also 
modulate the activity of hormone receptors in specific 
cells and tissues. The experimental basis for this hy- 
pothesis was our observation that transient introduc- 
tion of a PR expression vector into pr— cells is 
sufficient to activate a non-chromatin transiently intro- 
duced MMTV LTR, but not the endogenous MMTV 
template organized as chromatin [31,41], In contrast, 
glucocorticoids stimulate transcription from both tran- 
sient and stable templates [31]. This result suggests 
that unlike the GR, the PR may not be able to induce 
the chromatin transition and loading of NF1 required 



424 Trevor K. Archer et al. 

GR' PR' GR7PR 



C D CR * X CDR 




12 3 4 5 6 7 

Fig. 3. Comparison of restriction enzyme hypersensitivity of the MMTV LTR in cells with different receptor 
complement. GR+ mouse 1471.1 cells treated with dexamethasone show enhanced cleavage by Sst I over 
untreated control cells (cf. lanes 1 and 2). PR + human T47D/2963.1 cells display constitutive hypersensitivity 
to cleavage by Sst I in the presence or absence of R5020 (cf. lanes 3 and 4). GR + /PR+ human T47D/A1-2 cells 
show enhanced cleavage by Sst I when treated with dexamethasone, but not when treated with R5020 (cf. lanes 
6 and 7 with lane 5). Lanes 1-2, 1471.1 cells; lanes 3-4, T47D/2963.1 cells; lanes 5-7, T47D/A1-2 cells. C, control; 
D, dexamethasone; R, R5020. <f> x , PhiXl74 RF DNA digested with Hae III. 



for activation of transcription from a MMTV template 
incorporated into chromatin. PR activation of the tran- 
sient template still occurs as these templates are not 
organized in a phased array of nucleosomes and have 
NF1 bound both in the presence and absence of 
hormone [18]. Thus, it appears that the specific organ- 
ization of the template as chromatin in these cells is 
refractory to stimulation by newly introduced PR. 

To facilitate a detailed analysis of the actions of 
endogenous PR on a stably maintained template, we 
stably introduced the MMTV LTR into T47D breast 
cancer cells, which naturally express a high level of 
both the PR A and PR B isoforms and a non-functional 
GR [34]. One of the clones selected for analysis, 
designated 2963.1, contains 10 copies of the MMTV 
LTR per cell [42]. Chloramphenicol acetyltransferase 
(CAT) assays and primer extension analysis showed 
that expression from the stably maintained chimeric 
MMTV/CAT gene in 2963.1 cells was induced 8-10- 
fold by the synthetic progestin R5020 and this induc- 
tion was blocked by the progesterone antagonist 
RU486 [42]. As compared to previous analysis [43], the 
relatively low fold induction by R5020 in these cells 
likely results from a high basal level of expression and 
the novel chromatin organization of the MMTV LTR 
in these cells (see below). 

In mouse cells, the MMTV LTR is reproducibly 
assembled into a precisely positioned phased array of 
nucleosomes in vivo (Fig. 1), whether stably integrated, 
maintained episomally, or when assembled in vitro 
[17,25]. A comparison of the organization of the 



MMTV LTR organization in human T47D derived 
2963.1 cells with that of the extensively characterized 
1471.1 mouse cell line using a high resolution micro- 
coccal nuclease digestion analysis revealed identical 
positioning of Nuc-B and Nuc-A in the two cell lines 
[42]. 

In GR + mouse cells, the MMTV LTR nucleosomai 
array undergoes a structural transition upon glucocor- 
ticoid treatment, such that enhanced cleavage (hyper- 
sensitivity) is observed by restriction enzymes with 
cleavage sites within the region occupied by Nuc-B [17] 
(Fig. 3, lanes 1 and 2). Surprisingly, no such changes 
in chromatin structure were produced upon progestin 
treatment of human PR+ 2963.1 cells [42] (Fig. 3, 
"lanes 3 and 4). This result was unrelated to the low 
copy number in 2963.1 cells, as restriction enzyme 
hypersensitivity was observed in the GR + 2305 cell 
line, which contains a similarly low copy number (15 vs 
10 copies) [43], In the absence of hormone, the extent 
of cleavage by restriction enzymes recognizing sites 
within Nuc-B was considerably greater in 2963.1 cells 
than in mouse cells (Fig. 3, cf. lanes 1 and 3). This 
suggested that even in the absence of hormone, the 
MMTV LTR in the 2963.1 cells has already adopted 
an open conformation approximating that observed for 
transiently introduced non-chromatin ' templates 
[18, 19]. These results contrast with the micrococcal 
nuclease analysis, which showed that the organization 
of Nuc-B in 2963.1 cells was the same as for that in 
GR-h mouse cells. This may not be surprising, as 
analogous experiments in mouse cells fail to detect any 
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changes in micrococcal nuclease cleavage upon hor- 
mone stimulation (T. K. Archer, unpublished data and 
[44]). 

The surprising observation that the region encom- 
passed by Nuc-B was constitutively accessible to cleav- 
age by restriction enzymes prompted us to examine the 
organization of other regions of the LTR. Restriction 
enzyme cleavage within the regions of the MMTV 
LTR incorporated into the adjacent Nuc-A and Nuc- 
Rl region was inefficient in 2963.1 cells. In contrast, 
cleavage at these sites was very efficient in a transiently 
introduced non-chromatin template [42]. Thus, while 
the organization of Nuc-B in the stable chromatin 
template in 2963.1 cells approximates that of a transi- 
ently introduced non-chromatin template, the "rest of 
the promoter differs in that it appears to be organized 
into a "repressive" chromatin architecture similar to 
that observed in pr — /GR+ cells. 

To evaluate the consequences of the constitutive 
hypersensitivity observed in the proximal promoter of 
the MMTV LTR in 2963.1 cells on access of transcrip- 
tion factors, we employed an in vivo PCR/Exo III 
footprinting assay. In sharp contrast to what we have 
observed previously in GR-f containing cells lines 
[16,45], we detected significant binding of NF1 and 
OTF to the MMTV LTR in non-stimulated as well as 
hormone treated 2963.1 cells [30, 43] (Fig. 4). Interest- 
ingly, additional hormone independent exonuclease 
stops were observed in 2963.1 cells [42], which coincide 
with the 5' boundary of proximal HRE [46] and the 
binding sites for factor(s) present in mouse cell extracts 
that were previously shown to bind the MMTV LTR 
in vitro [47] (Fig. 4). 

Our ability to detect binding by the PR, but not the 
GR by in vivo footprinting may reflect differences in 
the modes of action of these two receptors [31,41]. We 
have investigated a consequence of this difference by 
examining the kinetics of the hormone response in 
2963.1 cells. As mentioned above, glucocorticoid in- 
duction of transcription from chromatin copies of the 
MMTV LTR is short lived, returning to basal levels 
within 24 h [19, 31]. This cessation of transcription has 

// n f" a nf?^ 8 I*// Human 
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Fig. 4. Transcription factor loading and restriction enzyme 
hypersensitivity of the MMTV LTR in PR + human T47D 
cells. In human T47D/2963.1 cells, which contain the PR but 
not a functional GR, nucleosome B is organized into a 
constitutively open architecture (as indicated by the dotted 
tfne) [42]. Transcription factors including the PR, NFl and 
* OTFs bind to the LTR even in the absence of hormone 
treatment, and this region exhibits constitutively hypersensi- 
tive restriction enzyme cleavage [42]. 



been correlated with a reformation of chromatin archi- 
tecture into a "repressive" state and is not observed for 
non-chromatin MMTV templates, arguing that the 
chromatin structure of the LTR provides a mechanism 
for the disassembly of the transcription pre-initiation 
complex [19]. As the constitutively open chromatin 
organization we observe in 2963.1 cells approximates 
that observed for non-chromatin templates, we antici- 
pated that the kinetics of hormone response in these 
cells would be similar to that observed for a non- 
chromatin template. Restriction hypersensitivity analy- 
sis and in vivo Exo III footprinting experiments 
demonstrate elevated cleavage and binding by NFl and 
the PR even after 24 h of hormone treatment [42]. 
These results differ greatly from those performed on 
stable chromatin templates in GR + cells, but are 
similar to those from transiently introduced templates 
[19]. Thus these data provide additional confirmation 
of the constitutively open chromatin organization of the 
MMTV LTR in 2963.1 cells and further support a role 
for a repressive chromatin structure in the cessation of 
transcription from the MMTV LTR. 

Our analysis of the 2963.1 cell line suggests that the 
novel chromatin organization we observe may reflect 
the occupancy of the MMTV LTR by transcription 
factors such as the PR and NFl . This occupancy could 
compete with chromatin assembly following DNA 
replication, resulting in the altered nucleosomal struc- 
ture we observe. It has been suggested that nucleosome 
assembly and binding of at least some transcription 
factors may be mutually exclusive [28]. Such a compe- 
tition has been observed for the 5S RNA gene of 
Xenopus [48], in which transcription factors required 
for constitutive transcription of the somatic 5S rRNA 
form stable complexes that prevent subsequent chro- 
matin maturation. Furthermore, in a situation that is 
similar to that reported here, in vivo footprinting 
experiments with the serum albumin gene demonstrate 
that transcription factor binding leads to the assembly 
of a specific chromatin structure during liver specific 
transcription [49]. Our observation that Nuc-B of the 
MMTV LTR is constitutively organized into a more 
open conformation in these PR containing cells is 
significant, as it provides new insight into mechanisms 
by which the receptor and non-receptor complement of 
a given cell can act to determine the chromatin organ- 
ization of target genes, and hence their ability to 
respond to a variety of signals. 

In a related series of experiments we have analyzed 
the consequences of co-expression of the PR and GR 
on the regulation and chromatin organization of the 
MMTV LTR in human T47D cells. The Al-2 cell line 
was constructed to express comparable levels of GR 
and PR [34], and contains 10 stably integrated copies 
of a MMTV Luciferase chimera [50]. Analysis of 
hormone mediated induction of MMTV transcription 
in the Al-2 cell line revealed a marked difference 
between the abilities of glucocorticoids and progestins 
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Fig. 5. Transcription factor loading and restriction enzyme 
hypersensitivity of the MMTV LTR in PR + /GR+ human 
T47D cells. In human T47D/A1-2 cells, which contain the PR 
and GR, nucleosome B is organized into a closed architecture 
prior to hormone addition [50]. This organization excludes 
NFl binding and limits the access of restriction enzymes. 
Treatment with glucocorticoids, but not progestins, results in 
a change in the organization of nucleosome B (indicated by 
the dotted line) that permits loading of NFl and allows 
efficient access by restriction enzymes [50]. 

to induce transcription from the endogenous MMTV 
reporter. Unlike the gr-/PR + 2963.1 cells [42], in- 
duction of transcription from the stably maintained 
MMTV LTR in these cells by progesterone or R5020 
was barely measurable. In contrast, induction by dexa- 
methasone was 150-fold higher than that observed for 
progestins [50]. This disparity between glucocorticoid 
and progestin mediated induction is also observed 
for induction of expression from an otherwise identical 
transiently introduced non-chromatin template, 
although in this case the difference is only 20-fold [34]. 

In vivo restriction enzyme hypersensitivity analysis 
of the stably maintained MMTV LTR in A 1-2 cells 
demonstrated that cleavage by restriction enzymes 
within the region encompassed by Nuc-B was ineffi- 
cient in the absence of either dexamethasone or R5020 
[50] (Fig, 3, lane 5). This immediately suggested that 
unlike the gr - /PR + 2963.1 cells, the MMTV LTR in 
these cells was organized into the "closed" confor- 
mation observed previously in GR+ mouse cells. The 
addition of dexamethasone, but not R5020, enhanced 
cleavage by restriction enzymes with recognition sites 
within Nuc-B [50] (Fig. 3, lanes 6 and 7). Thus, the GR 
but not the PR is able to induce the transition from 
"closed" to "open" chromatin [50] (Fig. 5). 

Using an in vivo PCR/Exo III footprinting assay, we 
demonstrated that dexamethasone induced hypersensi- 
tivity is accompanied by NFl loading on the MMTV 
LTR, while progestin treated cells displayed only a low 
level of NFl loading (Fig. 5) [50]. In subsequent 
experiments we studied the effects of simultaneously 
administering both dexamethasone and progestin to 
Al-2 cells. The coadministration of dexamethasone 
and progestin for 6 h resulted in a greater than 5-fold 
inhibition of the dexamethasone-induced response. 



Furthermore, when dexamethasone and R5020 are l| 
added concurrently, restriction enzyme hypersensitiv- 
ity induced by dexamethasone is reduced [50]. The S 
mechanism by which the activated PR interferes with i 
GR action is currently under investigation. j 
These experiments on Al-2 cells strongly suggest ^ 
that receptor complement plays a central role in estab- I 
lishing the chromatin organization of target genes. I 
When both the GR and PR are present in T47D cells, 
only glucocorticoids can activate transcription from 
MMTV sequences assembled as chromatin [50], This 
result was surprising, as PR mediated activation of 
transcription from a chromatin MMTV template 
clearly occurs in the absence of a functional GR in 
.2963.1 cells [42]. The explanation for this result ap- 
pears to lie within the differences in chromatin organ- 
ization of the MMTV LTR between these two T47D 
derived cell lines. In gr-/PR + 2963.1 cells, the 
MMTV LTR is constitutively "open", while in 
GR + /PR + Al-2 cells the MMTV LTR is "closed" 
prior to hormone stimulation. Interestingly, in recipro- 
cal experiments where chicken PR A was stably ex- 
pressed in a GR + mouse cell line progestins activated 
transcription from the MMTV LTR [41]. This differ- 
ence may result from species specific activities of 
chicken and human PR or functional differences be- 
tween the PR A and PR B isoforms [51-53]. Nevertheless, 
the receptor complement of the cell plays an important 
role in regulating steroid hormone regulation of tran- 
scription. 

CONCLUSIONS 

The data reviewed here clearly demonstrate the 
intimate relationship between transcription and the 
chromatin organization of the transcribed gene. Using 
the MMTV LTR as our model system, we have shown 
that the assembly of this promoter into a phased array 
of nucleosomes acts "statically" to repress basal tran- 
scription by restricting access of ubiquitously available 
transcription factors. The results from recent studies 
suggest that the MMTV LTR chromatin structure is 
dynamic and the precise arrangement of nuclear pro- 
teins is dependent upon the cellular environment, 
including the class of nuclear receptor expressed [27]. 
How then is transcription regulated at the MMTV 
promoter? Our results strongly suggest that the exclu- 
sion of NFl and OTF from high affinity sites can be 
attributed directly to the organization of these sites as 
chromatin. The loading of TBP and F DX onto the 
promoter requires the GR to facilitate binding, but it 
is not known whether this recruitment of TBP and/or 
F DT is direct or indirect. 

Despite the fact that the GR is absolutely required 
to initiate this cascade of events, footprinting exper- 
iments have not reproducibly detected the bound GR- 
We have proposed that this may be due to the 
GR: chromatin association being labile to Exo III or 



Receptor Status Defines Chromatin Structure of the MMTV/LTR 



427 



Receptor Status: GR+/pr- 



gr-/PR+ 



0 hr 




Hormone 



1 



t 



r F ., pr 



t 




Hormone 



24 hr 



i 



7^ 

t 




PR 



. RE 




Fig. 6. Steroid receptor status and chromatin organization: mechanistic implications. A model is presented 
for the mechanisms by which the glucocorticoid and progesterone receptors act to regulate transcription from 
chromatin templates in vivo. The left panel depicts GR induction in cells that are GR + /pr-. The right panel 
depicts PR induction in cells that are gr-/PR + . See text for details. 



that its mechanism of action involves a transient inter- 
action with the template [25]. A similar proposal has 
been made for the TAT gene [54]. Support for the idea 
of a transient interaction comes from our experiments 
with human T47D/2963. 1 cells [30, 42]. In this case the 
promoter is always hypersensitive and a group of 
transcription factors, including the PR, are always 
present on the template. It is reasonable to expect that 
the affinity of the GR and PR for DN A would be almost 
identical given the homology of their DNA binding 
domains [35]. The ability to detect the PR, but not the 
GR > suggests that the GR is not stably present on 
the template even in the presence of hormone [42]. 
% If this were correct, it would argue that the kinetics of 
GR induced transcription and chromatin remodelling 
^ult from this transient GR: chromatin interaction. 

Our experiments suggest a model for the mechan- 
isms by which the glucocorticoid and progesterone 
l^eptors act to regulate transcription from chromatin 
iternplates in vivo (Fig. 6). In the absence of hormone 
jpR+ and gr- cells display distinct chromatin organ- 
izations. For the GR+ cells transcription factors are 

k! 1UdCd fr ° m the P romoter > while in the PR+ cells 
a promoter is bound by a variety of proteins includ- 
NF1, OTF and the PR. During the initial phase of 



the induction by glucocorticoids, + hormone for 1 h, 
the MM TV promoter acquires an identical comp- 
lement of transcription factors including TBP. How- 
ever, at 24 h of hormone treatment there is a loss of the 
pre-initiation complex that is observed in GR + mouse 
cells and the subsequent re-establishment of the re- 
pressive chromatin structure [19, 32]. This may result 
from the dissociation of the GR from the promoter 
leading to a "hit and run" model of GR activation. 
In contrast, the stable binding of the PR in PR + 
cells would inhibit the "re-chromatinization" of the B 
nucleosome and NF1 would remain bound at 24 h [42]. 
While we know little of the mechanism by which the 
pre-initiation complex is lost, it clearly results from 
"re-chromatinization'' rather than down regulation of 
transcription factors [19]. Thus the differences ob- 
served would be related to receptor content of the cell 
line examined and suggest that the steroid hormone 
receptor status defines the MMTV promoter chro- 
matin structure in vivo. 
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